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(PLIF) approaches have been routinely used to treat higher-grade spondylolisthesis with good results. 8, 23, 25 In the setting of degenerative spondylolisthesis, MIS lateral and anterior approaches to the lumbar spine have also demonstrated clinical and radiographic outcomes equivalent to those of posterior approaches, 18, 30 but they offer potential biomechanical advantages, such as placement of a larger interbody, thus allocating more surface area for arthrodesis while also enabling greater restoration of lumbar lordosis. 22 Furthermore, the indirect foraminal and central canal decompression generated by placement of a large interbody may negate the need for a posterior decompression, avoiding disruption of osseous and ligamentous elements. 12 Despite these advantages, many surgeons harbor reservations about utilizing MIS lateral and anterior approaches for treating higher-grade spondylolisthesis. Concerns center around risk to the lumbar plexus when traversing through the psoas muscle, traction injury to nerve roots when reducing vertebral alignment without first exposing the course of the nerve root, and inadequate decompression of the neuroforamen or thecal sac when relying on only indirect decompression through restoration of the disc height. For lateral approaches, there is additional concern when addressing the L4-5 level due to the lumbar plexus residing in its most ventral anatomical location, raising the risk of retraction injury to the femoral nerve, which may be further exacerbated in the setting of spondylolisthesis. 1, 3 Unfortunately, the experience reported in the literature is limited with regard to these concerns, and few studies provide detailed radiographic outcomes with regard to spinopelvic parameters.
In this study, we present the initial clinical and radiographic outcomes of using an MIS anterior lumbar interbody fusion (ALIF) and lateral transpsoas lumbar interbody fusion (LLIF) in conjunction with posterior percutaneous pedicle screws without direct decompression for the treatment of grade II spondylolisthesis. Our data reveal that thorough knowledge of regional retroperitoneal anatomy and thoughtful application of contemporary intraoperative electromyographic neuromonitoring enable safe treatment of higher-grade spondylolisthesis through an MIS anterior or lateral corridor with low morbidity and good initial patient outcomes.
Methods

Patient Population
A retrospective review of a single surgeon's prospectively maintained operative database identified all consecutive patients with a lumbar spondylolisthesis of Meyer ding grade II who underwent an MIS LLIF or ALIF targeting the affected level between 2012 and 2016. All patients had intractable back pain coexisting with either neurogenic claudication or radiculopathy that did not respond to conservative measures. No patients had previous lumbar surgeries, history of significant trauma, or significant coronal or sagittal deformity. Treatment strategies consisted of segmental interbody fusion at the level of spondylolisthesis combined with percutaneous short-segment pedicle screw fixation without posterior decompression.
Data Collection
The clinical data consisted of visual analog scale (VAS) and Oswestry Disability Index (ODI) scores, estimated periprocedural blood loss, length of surgery, and length of stay. Radiographic measurements of the degrees of anterolisthesis, segmental lordosis, and overall lumbar lordosis were obtained from standing radiographs preoperatively and at the most recent follow-up. Fusion status was assessed for all patients with at least 1 year of imaging follow-up; plain radiographs obtained at the 1-year follow-up visit were reviewed by all authors to verify fusion, which was defined as the presence of bridging bone across the disc space (Bridwell grade 1 or 2). 6, 19 All data were collected in conjunction with an IRB-approved research protocol with waiver of patient consent.
Surgical Procedure
For patients treated with a lateral approach, we used the extreme lateral interbody fusion procedure (XLIF, NuVasive). Briefly, an MIS lateral retroperitoneal transpsoas approach was used to expose the lumbar spine. Free-running directional electromyography was then used to define a corridor through the psoas muscle anterior to the lumbar plexus and femoral nerve. A working retractor was docked in the disc space as posterior as possible to the superior vertebral body while ensuring that the neuroforamen of the interspace was not violated (Fig. 1 ). An aggressive discectomy was performed, and a 10° lordotic 18-26 × 8-10 × 50-60-mm polyetheretherketone (PEEK) interbody graft was placed.
All anterior approaches used a mini-open transrectus retroperitoneal approach performed by a vascular approach surgeon. Briefly, a small paramedian incision was made at the level of the anterior superior iliac spine. The lateral aponeurosis of the rectus muscle was incised, and the posterior transversalis fascia was divided, allowing entry into the retroperitoneal space. After the great vessels ventral to the lumbar spine were mobilized laterally, the targeted interspace was treated with a discectomy followed by sizing and placement of a large PEEK cage.
In most patients, placement of the interbody alone resulted in approximately 50% reduction of the spondylolisthesis. After interbody placement, all patients were positioned prone and percutaneous pedicle screws were placed above and below the treated level. Rod fixation then proceeded first by insertion and final tightening in the inferior pedicle screws, followed by cantilever reduction of the superior pedicle screws into the rod, which allowed further reduction of the spondylolisthesis.
Statistical Analysis
The paired t-test and Wilcoxon signed-rank test were used to analyze changes in continuous and ordinal clinical variables, respectively; p < 0.05 was considered to indicate statistical significance.
Results
Patient Population
A total of 28 patients with grade II spondylolisthesis were identified as having been treated during the 4-year study period. Twenty-four of these patients underwent either an MIS LLIF or ALIF procedure and were included in this study; their demographic and operative data are outlined in Table 1 . This study group included 8 men and 16 women; the patients' mean age was 55.6 years. All 24 patients harbored a grade II spondylolisthesis measured on preoperative CT images, with the level of slippage occurring at L3-4 in 1 patient, at L4-5 in 15 patients, and at L5-S1 in 8 patients. All patients with spondylolisthesis above L-5 underwent LLIF ( Fig. 1) , and all patients with slippage at L5-S1 underwent ALIF (Fig. 2) . Four other patients underwent a posterior MIS TLIF. Information was unavailable regarding any additional patients seen who did not undergo surgery due to low bone-mineral density or choice of pursuing conservative management.
Operative Data and Complications
In the LLIF group, the average operative time was 199.1 minutes, with 60.6 ml of estimated blood loss and an average length of stay of 2.2 days (median 2 days). In the ALIF group, the average operative time was 282.1 minutes, with 106.3 ml of estimated blood loss and an average length of stay of 4.3 days (median 4.5) ( Table 1 ). Three patients in the LLIF group had transient unilateral anterior thigh numbness that resolved within a week after surgery, and 1 patient treated with ALIF had transient dorsiflexion weakness that also resolved within the first postoperative week. No patient had any persistent motor or sensory deficit after surgery.
Radiographic Outcomes
The mean follow-up time was 17.6 months (SD 12.6 months) for LLIF patients and 10 months (SD 3.1 months) for ALIF patients, with 62.5% of both patient groups having follow-up of at least 1 year. The outcome measures are summarized in Table 2 . Complete reduction of the spondylolisthesis was achieved in 12 (75.0%) of the patients treated with LLIF and 7 (87.5%) of those treated with ALIF (Table 1) . Across both groups, there was an increase in both the segmental lordosis (LLIF 5.6°, p = 0.002; ALIF 15.0°, p = 0.002) and overall lumbar lordosis (LLIF 2.9°, p = 0.151; ALIF 5.1°, p = 0.006) after surgery. All patients (n = 15) with imaging follow-up past 1 year showed evidence of bony fusion across the implant at 1 year postsurgery.
Clinical Outcomes
A statistically significant decrease in both the mean VAS and mean ODI scores was seen in both treatment groups (Table 2) . For LLIF patients, the mean decreases in VAS and ODI scores were 3.9 (p = 0.002) and 19.8 (p = 0.001), respectively, and for ALIF they were 3.8 (p = 0.02) and 21.0 (p = 0.03), respectively, at the time of last followup. No patient required repeat operative intervention or revision of hardware during follow-up.
Discussion
Open and MIS posterior decompression and reduction of spondylolisthesis are well described in the literature and have demonstrated satisfactory patient outcomes, with MIS approaches associated with shorter length of stay, reduced hospital charges, and lower frequency of patient transfers to acute rehabilitation postoperatively. 16, 25, 31 Reports of LLIF and ALIF approaches for the treatment of grade I spondylolisthesis are less common but demonstrate outcomes comparable with those achieved with posterior MIS approaches. Marchi et al. 21 reported outcomes from using a stand-alone LLIF cage in 52 patients and found slippage reduction rates exceeding 90%, with significant reduction of VAS and ODI scores at 1 year and no instances of persistent neurological deficits. Ahmadian et al. 1 reported on a cohort of 26 patients with grade I and 5 patients with grade II L4-5 spondylolisthesis treated with LLIF and posterior percutaneous pedicle screws and found that full reduction of slippage could be achieved in 87% of patients, with significant reduction in VAS scores and no permanent neurological deficit. Lee et al. 18 performed a mini-open ALIF with percutaneous pedicle screws in 46 patients with grade I L5-S1 spondylolisthesis and 27 patients with grade II slippage with no incidence of neu- rological deficit, but only limited pain and radiographic outcomes were presented.
Few reports are available regarding application of MIS techniques for closed reduction of grade II or higher spondylolisthesis. To our knowledge, a recent article by Rajakumar et al. 27 remains the only large case series in the literature examining the use of MIS TLIF for the treatment of grade II and III slippages, with excellent reported outcomes. Our perioperative results are similar with respect to average blood loss (LLIF 60 ml and ALIF 106 ml vs TLIF 90 ml) and length of stay (LLIF 2.2 days and ALIF 4.3 days vs TLIF 2-3 days), but we encountered longer operative times due to repositioning of the patient for pedicle screw placement (LLIF 199.1 minutes and ALIF 282.1 minutes vs TLIF 146.7 minutes). We believe that for higher-grade spondylolisthesis, as in the treatment of grade I spondylolisthesis, 30 lateral and anterior MIS approaches are complimentary to posterior strategies by offering comparable reduced muscle disruption, avoidance of neural tissue manipulation, and lower blood loss and length of stay. Furthermore, in patients who have previously undergone posterior surgery, an anterior or lateral approach bypasses the morbidity imposed by navigating through scar tissue.
Within the literature, the bulk of grade II and highergrade lesions are included as small subsets of larger lateral and anterior MIS surgical cases series, 2, 18 with no study other than ours and the aforementioned paper by Rajakumar et al. 27 evaluating a cohort limited to patients with higher-grade spondylolistheses. The limited amount of available data may be due not only to the rarity of higher-grade lesions, but also to the reluctance of surgeons to employ an operative strategy that relies on indirect decompression. Specifically, when considering anterior and lateral approaches for spondylolisthesis, 3 predominant concerns arise (described below).
Exiting Nerve Root Injury
Classically, risk of injury to the exiting nerve root at the level of the spondylolisthesis, especially at L-5, has been a major concern when considering reduction without full posterior decompression of the nerve root. 10, 13 The exact mechanism of injury is still poorly understood, but a study by Petraco et al. 26 examining tension along the L-5 nerve root during reduction of high-grade spondylolisthesis found that the nerve at baseline is stretched to higher tensions due to the anterior subluxation of the superior vertebra, which predisposes the nerve to stretch neuropraxia during interbody restoration of the anterior column, due to either distraction from the increased disc space height or increased lateral axial traction along the course of the nerve root as it is reduced posteriorly. Interestingly, their study found that the greatest amount of tension on the exiting nerve root occurs during the latter half of the reduction distance and that the degree of stretch during reduction is reduced with greater segmental lordosis.
These findings provide an anatomical basis to explain why we encountered no incidence of permanent nerve root injury in our study. Although placement of a large ALIF or LLIF interbody provides significant distraction of the disc space, we observed intraoperatively that the degree of reduction achieved by the interbody alone prior to posterior fixation does not exceed half of the existing slippage. Furthermore, in our cohort, we demonstrated that placement of the interbody significantly increases the segmental lordosis (LLIF 5.6°, ALIF 15.0°), thereby decreasing the interval tension on the nerve root during reduction. Lastly, when the interbody is placed, ALIF and LLIF approaches do not rely on concurrent application of additional disc space or pedicle screw distraction to maximize the size of the implant placed.
Lumbar Plexus Risk From Lateral Access at L4-5
Significant anatomical and radiographic literature has documented the ventral migration of the lumbar plexus as it descends caudally, with the plexus being the most anterior along its course through the psoas muscle at L4-5. 3, 11 This places the plexus most at risk for anterior retraction injury at L4-5, a risk that is heightened when a highergrade spondylolisthesis further pushes the retractor docking zone anteriorly. As a rule, when placing the retractor at the disc space, the bottom vertebra should be used for target referencing, with a goal of placing the center of the retractor at 50% of the lateral endplate length without breaching the neuroforamen with the posterior retractor blade (Fig. 3) . However, our results show that with continuous directional EMG stimulation verifying placement of the retractor anterior to the femoral nerve, it is possible to safely approach and treat grade II spondylolisthesis with an LLIF even at L4-5.
Despite these findings, multiple studies continue to cite early LLIF experiences without the use of directional neuromonitoring as evidence that transpsoas approaches are high risk; others take the earlier studies completely out of context. 4, 9 One recent literature review has frequently been misreferenced to claim that motor weakness resulting from lumbar plexus injuries occurs in up to 33.6% of reported LLIF cases. 1 However, the purpose of the review was to advocate for a standardized classification of neurological findings after LLIF, and the motor weakness figure encompassed patients with transient iliopsoas weakness that occurs as results of muscle dissection by the retractor. When examining large contemporary LLIF series of more than 500 cases, including treatment at L4-5, the incidence of motor complications as a result of lumbar plexus injury is well under 1%.
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Efficacy of Indirect Decompression
In the setting of spondylolisthesis, symptomatic patients In the setting of a pelvic-incidence/lumbar lordosis mismatch only partial reduction at L5-S1 was achieved with an ALIF and therefore an LLIF was performed at L4-5 to deliver additional lordosis. All 3 patients recovered without complication. typically have significant central canal and neuroforaminal stenosis due to subluxation of the vertebral body as well as superimposed spondylitic changes and disc space collapse.
In patients with higher-grade spondylolisthesis, the degree of stenosis may be even worse as increased vertebral body subluxation moves into the canal, prompting uncertainty as to whether indirect decompression will be adequate. Oliveira et al. 24 performed volumetric analysis on pre-and postoperative lumbar spine MR images obtained in 21 patients undergoing stand-alone LLIF and found increases of 13.5% in neuroforamen height, 24.7% in neuroforamen cross-sectional area, and 33.1% in central canal diameter. In patients undergoing ALIF, 2 studies have found increases in foramen cross-sectional area at L5-S1 (43.4% and 67%). 7, 28 In the setting of spondylolisthesis, additional gains in central canal diameter can be expected as the degree of vertebral body reduction translates into an increase in the canal diameter.
All the patients in our case series showed statistically significant decreases in their VAS and ODI scores on par with those seen after posterior approaches, and no patient required subsequent posterior decompression due to inadequate relief of radiculopathy or neurogenic claudication. Failure of indirect decompression occurs most commonly due to subsidence of the interbody. Strategies to minimize the risk of subsidence include normalizing bone mineral density in osteoporotic patients prior to therapy, avoiding violation of the vertebral endplate during preparation, and using the widest possible graft footprint.
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Limitations
This study has several important limitations. The first is that due to the retrospective nature of this study based on an MIS operative database, generalizability of our treatment strategy is limited since we are unable to provide absolute numbers of how many patients with grade II spondylolisthesis were treated nonoperatively or deferred surgical intervention. Secondly, our strategy is not viable in the setting of osteoporosis, which excluded many patients who underwent preoperative evaluation. Lastly, our overall duration of follow-up is short, with slightly more than half of the patients having undergone clinical and radiographic evaluation at least 1 year after surgery. Clearly, studies with longer-term follow-up are needed to ascertain the efficacy of our treatment strategy outside of the perioperative period.
Conclusions
MIS ALIF and LLIF are viable strategies for achieving closed reduction of grade II lumbar spondylolisthesis. Our case series shows a high rate of complete reduction, with no occurrence of persistent motor deficits and with low perioperative blood loss and patient length of stay. Patient outcomes showed significant reduction of VAS and ODI scores, and no patient required posterior decompression. Our data provide early clinical evidence that ALIF and LLIF can safely and successfully treat higher-grade spondylolisthesis. Limitations of our study include its retrospective nature and short follow-up. Additional studies are needed to examine the durability of clinical outcomes.
FIG. 3. Case 16.
Lateral radiograph demonstrating ideal placement of the LLIF retractor. The inferior vertebra should be used for targeting reference with the goal to place the center of the retractor corridor at 50% of the length of the endplate. Care should be taken to ensure that the posterior blade of the retractor (arrow) does not encroach into the neuroforamen and that the nerve root course does not run through the field of the retractor or near the posterior blade where a docking shim is inserted into the disc space.
